Infiltration is a key process controlling runoff, but varies depending on antecedent conditions. This study provides estimates on initial conditions for urban permeable surfaces via continuous simulation of the infiltration capacity using historical rain data. An analysis of historical rainfall records show that accumulated rainfall prior to large rain events does not depend on the return period of the event. Using an infiltration-runoff model we found that for a typical large rain storm, antecedent conditions in general lead to reduced infiltration capacity both for sandy and clayey soils and that there is substantial runoff for return periods above 1-10 years.
INTRODUCTION
In an urban context, impermeable surfaces are the primary contributors to runoff (Fletcher et al. ; Redfern et al. ) but permeable surfaces are increasingly used in urban areas as an adaption strategy to changing precipitation patterns. Runoff from permeable areas is therefore becoming more important to consider, especially during rain events with high intensity. However, runoff from permeable surfaces depends on several physical processes that are difficult to describe (Chahinian et al. ; Ogden et al. ) . Urban hydrologists therefore often describe runoff from permeable surfaces with substantially simplified models or completely neglect it (e.g., Chahinian et al. ; Leandro et al. ) .
According to Gregory et al. () and Pitt et al. () , compaction is common for urban soils and significantly decreases the infiltration capacity. The reduction in infiltration capacity causes an increase in frequency, volume and peak flow of runoff from permeable surfaces (Pitt et al. ; Gregory et al. ) , highlighting the necessity of including runoff from permeable surfaces in urban runoff models. The additional runoff from permeable surfaces may influence extent and frequency of surcharges, overflows and flooding in the catchment, both for short rainstorms with high intensity and for longer rains with large volume.
Infiltration is an important process in the assessment of runoff from permeable surfaces. Along with the physical soil properties, the water content strongly affects infiltration rates. The water content in the beginning of a rain event depends on the antecedent conditions and varies from event to event, unlike the physical properties. This leads to uncertainty on the amount of runoff that should be expected from permeable areas, for example, when applying design storms for hydraulic simulations of the urban water system. The purpose of this study is therefore to assess the degree to which infiltration rates in the beginning of major rain events vary in time and for different soil types, leading to improved accuracy of urban runoff modelling.
METHODS AND DATA
To study the dynamics of the infiltration process, we considered historical rainfall records and analysed (i) the accumulated precipitation prior to a large number of major rain events and (ii) the infiltration conditions in the beginning of the events, based on continuous simulations of the rainfall-infiltration-runoff process using a Horton approach.
Rainfall records
We have considered continuous rainfall records from SVK station 5740 (Kløvermarksvej) in Copenhagen, Denmark. Data were available for the period from 1979 to 2012 in 1-minute resolution. For our analysis, we identified 71 rain events with return periods greater than 0.5 years based on the one-hour maximum intensity (Madsen et al. ) . The 10 largest rain events are summarized in Table 1 and describe the characteristics of large rain events in this region. For the remainder of this paper, we base the return period on the 1-hour maximum intensity, since the analysis in this paper is particularly important for simulations with design storms, which are typically used for hydraulic dimensioning with heavy rainfall.
Modelling infiltration and runoff
An infiltration-runoff model similar to those applied in commercial models, such as MOUSE (DHI ) and KOSIM (ITWH ), is set up in order to simulate the infiltration process. The model for describing infiltration capacity and runoff is based on Horton's and modified Horton's equations (Horton ; Verma ).
Horton's equation (Equation (1)) describes the decline in infiltration capacity f p from the maximum capacity f 0 to the minimum capacity f c , with the decrease parameter k and is applicable when rain intensity exceeds the infiltration capacity. The Modified Horton's equation (Equation (2)) describes the increase in infiltration capacity using the increase parameter k i during dry periods and t w the time where f p ¼ f c . Neither of these equations is valid when the precipitation rate is below infiltration capacity. Thus, like KOSIM, the model setup is based on a mass balance for the water depth y on the surface which is replenished by the precipitation depth p and depleted by the infiltration depth f.
Excess water on the surface leads to the formation of runoff. The model equations are summarized in Table 2 and variables are explained in Table 3 . Four cases are considered, corresponding to dry and wet conditions (Case I and IV), as well as transition periods where either the initial losses are filled or depleted (Case II), or where infiltration occurs and the precipitation rate is smaller than the infiltration capacity (Case III). We consider infiltration as continuous; i.e., the total infiltration volume is not limited.
Evaluation of infiltration conditions in the start of major rain events
Using the model described in the previous section, we perform a simulation of the infiltration process with a warm-up period of 14 days. As infiltration rates strongly depend on the characteristics of the soil, we carry out multiple simulations using the different soil types shown in Table 4 . In particular, we perform simulations for both compacted and non-compacted soils, as many permeable areas in cities are frequently used for recreational purposes and thus must be assumed to be compacted. Return periods are specified based on both maximum 1-hour intensity and maximum 24-hour intensity (Madsen et al. 2017) . 
Initial water depth (at beginning of time step) 0
Surface water depth, y s (water depth available for runoff)
Water depth (surface), y rs (water remaining on surface after runoff and infiltration)
Final water depth, y (at end of time step) 0 If p > 0 (wetting):
Description of variables can be found in Table 3 .
Infiltration parameters for the different soil types are obtained from the literature, and include both measured values and values from modelling studies. For the parameter sets where no initial losses are specified, we assume a wetting depth of 5⋅10 À5 metres and a storage depth of 1⋅10 À3 metres (DHI ). Drying times of 2-3 and 10 days were considered for sandy and clayey soils, respectively (Rossman & Huber ) .
To compare infiltration conditions for the different soil types, we consider the relative infiltration capacity f p, rel as a measure of the currently available infiltration capacity:
The sensitivity of runoff to the initial conditions is investigated by additional runoff simulations. In these simulations, the infiltration capacity at the beginning of the rain event is specified as either the maximum or minimum infiltration capacity of the corresponding soil type.
To compute the maximum potential runoff Q tot, max from an event, we consider:
To compute the minimum potential runoff Q tot, min from an event, we consider: 
Pitt et al. ()
All models use a drying rate of 1.39e-7 m/s for recovery of initial losses from DHI (2014). Figure 1 shows the percentage of rain events where accumulated precipitation prior to the event is lower than a given threshold for four different durations before the events and for three different classes of return periods. While precipitation prior to an event is subject to random variability, the figure suggests that prior rainfall does not depend on the return period of the considered rain event.
To support this conclusion, we applied the two-sided Wilcoxon rank sum tests (Hollander & Wolfe ) . In total, 12 tests were performed using the function 'wilcox.test' in R (R Core Team ), performing pairwise comparisons for the three potential combinations of data sets for different return periods that were repeated for each of the four considered durations before the rain events. The p-values of the 12 tests range from 0.16 to 0.95 and are thus clearly bigger than the commonly applied significance level of 0.05. The tests can thus not identify any significant differences in the distributions of pre-event rainfall for the different return periods.
Infiltration capacity for historical rain events Figure 2 illustrates the relative infiltration capacity in the start of rain events as a function of return period, as well as the percentage of rain events where the relative infiltration capacity is below a certain threshold. There is a significant variation of relative infiltration capacities for both types of sandy and clayey soil. Considering clayey soils, the relative infiltration capacity in the start of an event is lower than 50% for approximately half of the events. Even for sandy soils, 25% of the events start with significantly reduced relative infiltration capacities of 70% or less. This implies that assuming infiltration capacity to be fully available in the start of a simulated design storm leads to overly optimistic results in many cases. The results shown in Figure 2 can be used to define realistic initial conditions reflecting the required level of safety, e.g., covering at least 90% of the events.
Impact of initial conditions in surface runoff
Figure 3(a) shows the total runoff depth for the considered events, comparing runoff for 100% impermeable areas and permeable areas with compacted clayey and sandy soils. Total runoff from the permeable areas seems to vary mostly as a function of the return period, independent of the total rainfall depth of an event. There is no runoff from sandy soils at return periods below 10 years. Runoff from clayey soils begins for return periods of less than 1 year, but at very low rates. Figure 3(b) shows the maximal hourly runoff rate simulated during the different events as a function of the return period of the events. As the return period of the events was determined based on hourly rainfall intensities, the dependency would be expected to be smooth. This is also apparent from the runoff rates shown for impervious areas in Figure 3(b) . For permeable areas, we observe significant variations in the maximal hourly runoff rate for events with similar return periods. For clayey soils, these variations are in the order of 3-6 mm for return periods less than 10 years, corresponding to 15-20% of the maximal hourly rainfall depth or 30-50% of the maximal runoff depth from the permeable areas. Even for compacted sandy soils, variations of the maximal runoff rate in the order of 7 mm are observed for stronger rain events, highlighting the importance of initial infiltration conditions for the simulated runoff. Figure 4 illustrates the sensitivity of the simulated runoff to the assumed infiltration capacity in the beginning of an event, by comparing how simulated runoff would differ from the value obtained from continuous simulations (Q tot,acc ), when assuming either minimal (Q tot,max ) or maximal (Q tot,min ) infiltration capacity in the start of an event.
For clayey soils, we observe the largest variations at low return periods (Figure 4 (a) and 4(b)) due to the generally small infiltration capacities of these soils. The differences between Q tot,acc and Q tot,min as well as Q tot,max are of similar magnitude and in the order of few millimetres. This suggests that for these soil types an appropriate representation of initial infiltration conditions is important for events below or within the design range of the urban water system. For larger events the variation in runoff resulting from the initial infiltration conditions is less relevant, as the variation is small compared to the total runoff. Interestingly, the sensitivity of simulated runoff from clayey soils to the initial infiltration conditions is of similar magnitude as the uncertainty of observed runoff from impervious surfaces, which was estimated to have a standard deviation of 2 mm (Arnbjerg-Nielsen & Harremoës ).
For compacted sandy soils we observe that the runoff obtained from the continuous simulation largely corresponds to Q tot, max and that the sensitivity of simulated runoff to initial conditions seems less dependent on return period (Figure 4(c) ). The largest difference between Q tot, max and Q tot, acc occurs for the event registered on 11 July 2008 and is due to a very high rainfall intensity at the very beginning of the event. In a practical sense, our results suggest that it is safe to assume that compacted sands can allow water to infiltrate at their maximum capacity in the beginning of an event. The employed model gives a somewhat simplistic description of the initial conditions of the runoff and the results in Figure 4 should hence be interpreted with caution. Nevertheless, our results highlight that runoff from green urban areas should not be ignored and that a modelling approach assuming a 'typical' initial condition for a given soil type is a feasible approach to model runoff from high return periods. In addition, we identify a clear need for more measurements of infiltration processes in urban areas.
CONCLUSIONS
Pervious areas can significantly contribute to the runoff observed during rain events with return periods larger than 5 to 10 years and thus need to be considered in runoff models when designing, for example, climate adaptation measures. The runoff from pervious areas depends on the infiltration conditions in the beginning of an event.
Based on observed precipitation data from Copenhagen, Denmark, an analysis of accumulated rain prior to large rain events shows that the distribution of prior rainfall is independent of the return period and varies only as a function of the considered time span before the event. Considering a period of 7 days prior to a large rain event, it is likely that at least 10 millimetres of rainfall were observed in this period.
Based on continuous simulations of the rainfall-runoff process for a period of 33 years, we demonstrate that initial infiltration capacities of the 40 largest rain events are subject to large variability. The simulations suggest that infiltration capacity in the beginning of an event is significantly reduced for most rain events for both sandy and clayey soils.
The variation in initial infiltration capacity causes changes in the total runoff from clayey soils of up to 6 millimetres at low return periods, though infiltration capacities for these soils are generally small. However, variations in runoff from compacted sand due to different initial conditions are larger at higher return periods. Maximum runoff rates from both clayey and compacted sandy soils are subject to significant variations, highlighting the importance of making appropriate assumptions for initial infiltration conditions when working with design rainstorms. Both initial conditions and soil types are hence important to assess when designing for return periods higher than 1 year.
